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(57) Abstract 



Improvements to both the source and collector in a plasma isotope enhancement apparatus are realized in smaller plasma devices 
without the Calutron processing step. These improvements include the use of a high field source region to generate the plasma, the use 
of a gas vapor-electron -cyclotron-resonance-heating (gas vapor-ECRH) source, efficient routing of microwave feeds used for the ECRH, 
replacement of the Calutron process and stabilization of the plasma in a high mirror ratio configuration, computer system control of the 
entire process for automatic operation, and vertical configuration of the apparatus to allow the use of different types f vapor sources and 
better use of magnet systems. 
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IMPROVEMENTS IN METHOD AND APPARATUS FOR ISOTOPE 
ENHANCEMENT IN A PLASMA APPARATUS 



Background of the Invention 

/. Field of the Invention 

The invention relates to the field of apparatus and methods for separation of 
isotopes from each other and in particular to isotopic separations in plasmas. 



10 2 Description of the Prior Art 

The invention comprises improvements over the isotopic separation methods and 
apparatus disclosed by Dawson, "Isotope Separation by Magnetic Fields. "U.S. Patent 
4,08 1,677 (1978) which is incorporated herein by reference as if set forth in its entirety. 

1 5 Brief Summary of the Invention 

The invention is an improvement in a plasma apparatus for isotope enhancement 
The plasma apparatus has an elongated chamber for holding a main plasma. A 
mechanism generates a predetermined magnetic field in the chamber. A plasma source is 
20 provided in the chamber. Another mechanism moves the ionized isotopes from the 

plasma source along the elongated chamber at a resonance frequency of a desired one of 
the isotopes. A collector separates the isotopes based on their differential energies. The 
improvement comprises a pair of magnetic mirrors disposed at opposing ends of the 
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elongated chamber, so that resonant ions are reflected between the two magnetic mirrors. 
At least one of the magnetic mirror has a higher field strength than the predetermined 
magnetic field in the chamber so that nonresonant ions pass through the least one 
magnetic mirror and resonant ions are reflected therefrom. The collector for the resonant 
5 ions comprises a circular ring outside of the main plasma in the elongated chamber. 

Similarly the invention is an improvement in a method of providing isotope 
enhancement in a plasma apparatus described above comprising the steps of reflecting 
resonant ions between a pair of magnetic mirrors disposed at opposing ends of the 
elongated chamber, wherein at least one of the magnetic mirror has a higher field strength 
10 than the predetermined magnetic field in the chamber so that nonresonant ions pass 
through the least one magnetic mirror and resonant ions are reflected therefrom. The 
resonant ions are collected on a circular ring outside of the main plasma in the elongated 
chamber. 

The invention is visualized in the following drawings. 
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Brief Description of the Drawings 



Fig. 1.1 is a schematic of the plasma device. 

Fig. 1.2 is a graph of the trajectories of the resonant and nonresonant particles. 
20 Fig. 1 .3 is a diagram illustrating in perpendicular cross section taken through the 

plasma device the radial ion and electron trajectories. 

Fig. 1 .4 is a graph showing the collision frequencies for slow ions collisions. 
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Fig. 1 .5 is a simplified side view diagram of a collector 

Fig. 2.1 is a graph illustrating the action of the magnetic mirrors. 

Fig. 2.2 is a simplified diagram showing the pair of magnetic mirrors and the 

main elements of the plasma apparatus. 
5 The invention and its various embodiments may now be understood by turning to 

the following detailed description. 
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Detailed Description of the Preferred Embodiments 

Improvements to the both the source and collector is in a plasma isotope 
5 enhancement apparatus are realized in smaller plasma devices without the Calutron 
processing step. These improvements include the use of a high field source region to 
generate the plasma, the use of a gas vapor -electron-cyclotron-resonance-heating (gas 
vapor-ECRH ) source, efficient routing of microwave feeds used for the ECRH, 
replacement of the Calutron process and stabilization of the plasma in a high mirror ratio 
10 configuration, computer system control of the entire process for automatic operation, and 
vertical configuration of the apparatus to allow the use of different types of vapor sources 
and better use of magnet systems. 
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Chapter 1 

The Plasma Enrichment 
Process 

The plasma enrichment process (PEP) distinguishes between different par- 
tide masses by their cyclotron frequency in a magnetic field. Basically, the 
particles are ionized in near vacuum and placed in a uniform magnetic field, 
where they orbit, around the field lines, at their cyclotron frequencies. Be- 
cause of the mass dependence of the cyclotron frequency, particles with a 
specific mass can be selectively accelerated. This allows discrimination be- 
tween isotopic masses. 

This chapter provides an overview of the plasma enrichment process 
(PEP) from a theoretical point of view. First a quick overview of a gen- 
eral PEP device is presented, then a historical development of the process, 
followed by a detailed theoretical analysts of each section of the device. The 
following chapters discus each section of the Gd-PEP device in greater detail. 

1.1 Overview of a PEP device 

A PEP device consists of three basic regions (figure 1.1); a source region, an 
enrichment region, and a collection region (or process). To a large degree, 
these individual regions can be treated independently, each with its own 
special requirements. 

In a quick overview of a PEP device, the source region produces a plasma 
that flows into the enrichment region. As the plasma drifts through the en- 
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richment region, the desired species is selectively heated in tk- , 
darecfon by ICRH (ion cyclotron resonant hSlSS^^ET*"** 
nves at the collector region, where particles with "hL'^ln* ** 
are collected, while particles with "small" n«L5?i pcrpend,cular «ergy 
(collected in a particle dump). P«pend,cula r energy are rejected 

1.2 Units 

Unless otherwise stated, all units used in this report will K 

The only exceptions „re for temperatures which a ' • , c « s '«^««. 

pressures which are i„ ton. * ,n e,ectr °n volts and 

1.3 Source Region 

The source region must .produce * plasma from tl, 

plasma should be fully onized «, « 7" « • S ° UrCe materi *»- This 
throughput reouiren JL X^o! v X « * ^ "» 

the separation process. m, °™»y. the source must not interfere with 

thJ"T M \ ° r keep " ,g tl,ls completely general it will K. 

that the plasma source is nn ECRU (eW,,™ g , era1 ' ,l WlU be assumed 

«>«rce. An ECRH source cn-Ue \ [ ?«<*™ resona "<* heating) 
are heated ,o several eV b'v al>M»mtion **** Where th « elec "<™ 

cyclotron f,e<,uencv. A„v 1 ™ m,cw T«* P°«« at the electron 

ionized n„cl confine,, t ' [ul ^ S T h thb ^ « 
The ECRU source must be su mlie I , f ,>roduce the Pl«ma stream. 

Plasma. Currently no ^^^^T 1 * **» the 

could be supplied bv direct »,, f m (( neUtral 5 ° urce » "nich 

the « m region wi „ llo iU ,,f lir ". d 'r vi X " P ^' i - For ^ <!»«•««„ in 
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the ratio o of the enrichment magnetic field to the source magnetic field. 

Be 

— K (u) 

In reality, the magnetic field restrictions on the ECRH region are some- 
what stronger. In particular, a particle will gain energy from a wave whenever 
a harmonic of the particle cyclotron frequency matches the frequency of the 
wave. For electrons, this can be expressed as: 

-'ECHH = C^ct (1.2) 

(where <*'i?t*mi is tin* microwave? drive frequency, I is an integer value, and 
u>et is the electron cyclotron frequency). From this relation, it can be seen 
that if the primary ECRH region is created at the magnetic field B s * there 
will be additional ECRH regions at, tf 5 /2, B$/Z,B S /A, and so on. The first 
harmonic is always the strongest, because the other harmonics couple into 
the plasma via nonlinear terms. If the plasma passes through any of these 
other resonant regions, the electrons will be heated, and will again transfer 
energy to the ions, which is not desirenblc. 1 Thus to avoid the additional 
resonant regions, the conditions a > 0.5 is imposed. 2 

1.3.1 Plasma Throughput 

The major constraint on the source is the particle throughput (T). The 
particle throughput is simply the flow of particles through the device, 

I* = (1.3) 



l Transferring Additional ICCKII ennrgy to tlte plasma will increase the initial temper- 
ature of the pUftiua. This mult* requiring additional ICRI1 power to overcome the thermal 
energy of the pi nxtua (foot no to 5). Additionally, the existence multiple resonance regions 
may prevent propagation of the KCRU power to the actual source location. 

-In reality the transfer or energy by IX'RH is more complicated. In particular, the 
ECRU can only heat the plasum when the wave has &ri electric field component parallel 
to the magnetic Held. This additional restriction can be used to provide access for the 
ECRTI source, by routing a waveguide in such a manner that the electric field is always 
perpendicular to I ho magnet ic field (action ??). In general, however, the condition a > 0.5 
is practical. 
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(where n s is the plasma density, v,,c is the Dandl-l ™.u •* a • L . 
area, and * is the total efficiency o'f tL system) ? * * " PlaSma 

An ECR.H source produces a densitv th*t ; e a ^ 

magnetic field. |. particular the ECRH so Ur e w S Y ** ^ 
cutoff occurs. This is where the electron .T r produce plasma until 

the electron cvdotron frequencv t TU T ^ » *> 

. ron irequency (u, ee ). Thus the source density limit is: 

' n " Kmc) 0-4) 

(where t is the electron chanse m is tlu* 

light). This ration can h, ^i„l, \o " ^ C " the of 




(1.5) 

Examination or the density equation indicates th.t »W i . 
creases as the square of the magnetic Z c! tYu S th b « P, . M ™ den «* 
throug hput. a, Gained „,en L sou Jt ^ JKj^^ 

'"it-* = yJ*T\\s/M (16) 

(where .V is tl„. ion mass. T tt < is the »..»1UJ „i 

source region. „ lu | „ = LGSt ,* 0 -'WeV ^P«ature in the 

units eV a„,l erg). SA V C ° nVerts betwee » *»* energy 

Equations |.r> and I.(i ran he romhined with tJ,- a - , 

detenu!.* the u-quiml souree arr v L l.f , «™ equation (1.3) to 

temperature. 8 °" " ,e ma S net,c fidd a «<* Parallel 

, > lfflV/»:\/J/ a 

' 5 " VHWqs)*/* (1-7) 



J The totnl e/liciency { i* the product of the effiriencie. «f .11 . . 

Most pro«**„ have Hn eIRcicncy of 1 „„d «.? ZI • ? I' proceM *« ,n th « device. 
Lave lower W.icin.ci... „„ U , Z *£n lo "£ ^1 S °11 e prOCe ""' 

*vith efficiency fa- ,|„ M , Hre . Si„^?^; h "!*P«- The Primly Proce»e, 
(section 1.3}. ' prodwiion (section .'?) and product collection 
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From the above analysis it is obvious that the source region is charac- 
terized by essentially two numbers, the magnetic field B$ % and the parallel 
temperature 7]|>*. From these numbers all relevant source quantities can be 
calculated. To fully characterize the plasma parameters (section L4), how- 
ever, the perpendicular temperature in the source region (Tis) must also be 
known. 

1.4 Enrichment Region 

In the enrichment region, the plasma drifts through an ICRH (ion cyclotron 
resonant hearing) zone. The ICRH drive consists of a rotating electric field 
that is perpendicular to the main magnetic field {Be). Because the ICRH 
coupling is dependent on the magnetic field, the ICRH source must produce 
a rotating electric field without producing magnetic perturbations along the 
axis of the device. The desired rotating electric field can be provided by a 
bifilar antenna [1 1]. 

1.4.1 Particle Motions 

Considerable insight into the operation of a PEP device can be gained by 
examining the -motion of the plasma in the single particle limit. This model 
provides only an approximate view of the behavior of plasma in the device, 
however, it is still adequate to calculate many useful quantities. 

Consider a coordinate system where the r-axis lies along the magnetic 
field. The equations of motion for an ion in the magnetic field are given by, 

Mv T = ^f wra< +^ v (l.S) 

(where u\cn\\ i* the* ICRH drive frequency, q is the particle charge, and E 
is the electric Held). These equations can be solved by differentiating each 
equation and inserting it into the other equatiop. 

IV = /ViCTiii+^«)fc^ ttl -^w r (1.10) 
*\ = -iMM+^Se^^'-JliVy (1-11) 

(Where S = #//:/.W is the electric acceleration.) 
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Figure 1.2: Particle trnjoctorios for resonant unci non-resonant particles. The ICRH drive 
frequency correspond* lo n initio unit of 100 (*olitl line). The dotted lines correspond to 
non*rcitnnant particle* (dillWnit hwimhps). The monant particles continuously gain energy 
from tin- ICKII drive. The iimi-n-j-Miani. part'tch* lirM gain energy and then loose energy 
as they xlip win of pirns*. All pariich** are atartetl from rest and are followed for a time 
equal to 7."# cyclotron period* for a ma** unit 100. 

For resonant ions (u? Ci = ^iomh). these equations have the solution 

o K = (St+ne^W (1.12) 
= i(Sl +C)c'^™ 1 IU3) 

(where C is a constant determined by the boundary conditions). Resonant 
ions, thus gain velocity linearly uver time (figure 1/2). Non-resonant ions 
(u^ci ^ w,'icnn). however, have solutions to equations 1-10 and 1.11 of the 
form: 



(1.14) 
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These particles alternately gain and loose energy in the ICRH region (fig- 
ure 1.2). The maximum perpendicular velocity gained by a non-resonant 
particle has the form: 



d-16) 



For resonant particles, however, there is no upper bound on velocity gained. 
1.4.2 Source Flow 

As plasma Hows from the source region to the enrichment region, the plasma 
parameters change. These changes can he understood by knowing that en- 
ergy, particle flow, and magnetic moment [Mv^/2B) are conserved as a 
particle moves from one magnetic held lu another [4]. 

As the particle moves from the source region* both the parallel and per- 
pendicular velocities (ami temperatures) are modified. If there is no reflection 
of the particles (see below), the relation between the source quantities and 
the enrichment quantities are given by: 

T ±f: = Txso (1.17) 

1 'Le = ( xs a (1-1S) 

T\\x = 7i,y + r x> <l - a) (1.19) 

r fa = 'is + 'l^tl -») (1-20) 



Examination of tin* above equations shows that if the particles move from 
a high field region to a low held region, t hey gain parallel energy and loose 
perpendicular energy. In converse. iT the particles go from a low field region to 
a high field region, they gain perpendicular energy and loose parallel energy. 

A special case shows up in equation 1.20 when a is very large (travel 
from a low field region to a high held region). In particular, it is possible 
for the right side or this equation to become, negative, indicating that the 
particle could not have made it. into this region. This phenomenon is known 
as magnetic- mirroring [ I, ">]♦ and will cause particles with insufficient parallel 
energy (as compared to tin* perpendicular energy) to be reflected from a high 
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field region. In general this phenomenon does not present a problem in a PEP 
device. 

Because the plasma pari ides are essentially -stuck" to the magnetic field 
lines, the area of the plasma will change, as the magnetic field changes. The 
change in area is given hy 

A E = As/n. (1.21) 
Finally, the plasma density will change. The change plasma density 
change can he obtained from conservation of particles, which requires that 
the flow (equation 1.3) is a conserved quantity (if plasma is not being created 
or destroyed in the region). The change in the plasma density must offset 
the change in the plasma area (equation 1.21) and the change in the parallel 

drift vrlficitv- (»>nii;ili<-»n I ->fn 



_..... e — .....m.^u iiwui »uiiwh«m,h)ii ui panicies, wmcn requires tnat 
the flow (equation 1.3) is a conserved quantity (if plasma is not being created 
or destroyed in the region). The change in the plasma density must offset 

the change in the plasma area f««m«n«« i •>^ \ »«j «u. — i *i n-i 

drift velocity (equation 1.20). 

=• — (1.22) 
x = {'+^(1-0)}* (1.23) 
1.4.3 Device Length 

The length or ihe enrichment region (L) is determined by the axial drift 
velocity (r||/r). ami by tin* imuss resolution required. As the device length 
is increased, the resonant species continues to gain energy and reaches ever 
increasing orbit size. The non-resonant species, however, are still restricted 
by equation l.lti n> a lnaxinitun velocity. 

IT I h<- required rat io between I he orbit st2C or the resonant species and 
the non-resonant species is 1 

' = — (1-24) 

* Lnr 

(where the r Lr and r Lnr are the gyroradii of the resonant and non-resonant 
species, and the "r" and *ur* indicate resonant and non-resonant, respec- 
tively). Expanding the gyrorndius in terms of the velocity and cyclotron 
frequenrv. 

(1,25) 



*lf Mmw .*iro mi in* Mini one uriii-n-siiiutiil »|ir<*ii's. then use the species that is closest to 
the rcxomiiii spirits in mu*s to <t< % loruiine the ilrvice length. 
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Inserting the velocity gained hy resonant particles (equations 1.12 and 1.13), 
and non-resonant particles ( equation LIU). 



J = 



= r 



nr 

HtBe C:\JnrSnr 

g r B AM 
<M r M nr 

AM 
Twicnu-r: — 




(1.26) 
(1.27) 
(1.28) 



Where r is the transit time across the enrichment region and the adjusted 
mass difference is 

AM = |u„-.U r ^p|. (1.29) 

In the above derivation, is has been assumed that the initial thermal energy 
of the particles is small compared to the energy gained from the ICRH drive. 5 
Equation 1.2$ can be reversed to determine the required transit time for 
a particle across the enrichment region. 



-'ICHU AM 



(1.30) 



5 The roust nm (' in iMpiai ions [.['2- is determined by the boundary conditions on 
the particle, as it niter* die enrichment region. Examination of these equations, indicates 
that this constant will l«* on tin* order of v L f? (t h*» perpendicular thermal velocity), and 
can be dropped in the ciisc: 



Substituting l he perpendicular velocity e<p union (1.18). ami the transit time equation 
(1.30). these limit* can ho written as: 



> 



y/^VLsth: Zr AM 

Cti Mnr 



Since the value of J is always above 1. the second restriction can be neglected, and the 
first equation determines i tic rrcpiir**d lieUI Hlrnigth. 
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Combining this with the cyclotron frequency, the number of cyclotron orbits 
required in the rnrirhmcnr region is obtained. 

Alternatively, combining the drift time (aquation 1.30) with the parallel drift 
velocity (equation 1.20), the length of the enrichment region is determined. 

/ = ' 3XV ^ S 

-•ICRH-I.t/ (L32) 

1.4.4 Plasma Radial Size 

The ronsiraiuis the at the plasma column required to get the ap- 
propriate t liro., K l,p„t (equaiitm* 1.7 and 1.21) are not the only area require- 
ments. In particular. iT l In- plasma column i. s smA l| compared to the gyrora- 
dius ol the Kins, then charge separation can occur (figure 1.3). The electrons 
have wry small gyroradii. ;,.,<! »„♦• confined in the center of the column. The 
ions however, have larger orbits and thus rover a larger radius. This results 
in the remer ol the column becoming negative and the outer edge becoming 
positive-. The resulting radial electric field drives instabilities in the plasma 
thai can disrupt l he enrichment process. 

To runnier ihis problem, ihe gymradius of the accelerated species must 
be less than the radius ,,f I he plasma r„bm,n. This requirement can be 
expressed as - > |. where - is I he plasma radius over the accelerated species 
gyroiadins: 

, = i^7Z (1 - 33 > 

If the desired gyronulius w f the resonant species is given by R L , then 
equations 1.12 ami l.l.J can be used to determine the desired electric field 
strength. 

,. tf|./Jg»ir iui A.W 

/= — 77— UZ d.34) 
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Figure* 1*3: When ihe ion £yroratlius is large, charge separation can occur. The electrons 
remain trapped hi the renter «f ilif column, hy their small gyroradiut*. The ions, h wever, 
form a larger cloud around the Herirons. Tlii* muses the center of I he plasma column 
to become negative, ami I lit* surrounding area to become positive. The resultant radial 
electric lichl with provides the free energy Tor plasma instabilities which can disrupt the 
enrichment process. 
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Additionally, 7 run l>e written as 6 




4y I 

2:ro (1-35) 



7 - 

Solving for I he required plasma area. 

.UZ^M-.lh) 2 (1>36) 
1.4.5 Collisional Considerations 

The effect of collisional ,„«m« on the plasma in the enrichment region is 
both n „ |>ol ,nn, , ron |rx . |niliii||y ro|j|K . onal (jrocesses ^ ^ V 

into collisions ..ffmrng t he parallel and perpendicular particle motions. 
Colli.s.ons Hlo,,,; ,|,e magnetic axis or i he device can be neglected. These 

dr IT" , ; n, ;;7 ,yS, : , • V, • .-liclcs along the device at the same 
cli.rt speed. \, w „ s ,„„,„. ,„,s, ,oHisio,,s will hegin ,„ convert perpendicular 
energy (sup,,,,,, ,, y , , ,(•„, iv< , ,„„,,„,, ^ J^l «««« 

a slight. ,mrea*e ,„ ,|,, dev.ee length iu gel the desired Atopic separation 
Tins process however, .akes „ |„ MJ ;er , iim . thf , , jca| trftnsU r 

the devue. ihns. di«-s n t< i. ,.|r,vl (he plasma. 

The eollisinual processes effecting . he perpendicular energy of the plasma 
are more ,n M H„,«n.. Since ,he nuuss discrimination is hased on selectively 
,ncrea.s,„g .he energy or one species over .he other, and collisional process 
that removes energy faun the r<-soiiani sp<*cies is important 

Porpendirnl;,, . „llisi„ llfl | processes in .he plasma can he divided into four 
major » roups: 

1. Collisions hi low veloeily. 

2. Collisions a. high veloeily. 

3. Charge exchange collisions. 



"An mldiiio.i..| Ion,, for c : „, l„. «bu,i„ M | In combiuing equations 1.33 and 1.34. 

V -'sr» , lr /:.f .»/„; 

Jr'.t^i",'! ''''' ; i> H, "' , '" , "' " ' , r,rif *"••'»«"' -o .h. radius 
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4. Collisions heiween the plasma and neutral particles. 

Each of these collisional processes ran he examined. To simply the analysis, 
a very limited c ollisional model will he used [3]. In particular, the numbers 
calculated here from collisional effects are only good to an order of magnitude. 
Whenever possible, however, the errors have been on the conservative side. 

Low Velocity Collisions 

At low velocity, i he plasma collisional process is dominated by long-range 
coulomb collisions. These collisions essentially provide a viscus drag between 
the resonant and non-resonant pari irles (including the electrons). The result 
of these* collisions is to attempt in make all particles move with the same 
velocity. The collision frequency for slow ions, in the low energy region is [3] 
(appendix ??): 



= i.,ixnr^ 



(1.37) 



T J/2 
*1E 



Where /< is thr mass iiiinihcr for tht» ion species, A is the Coulomb loga- 
rithm, ami I lie sum is owr non-resonant ion species. The first term in 
equation 1 .37 is from the slowing of resonant ions from electrons, and the 
second term coinrs from slowing due* to collisions with non-resonant ions. 
In the limit of slow plasma collisions. A is in the range 10-20. and can be 
approximated |>y the formulas [3]: 

A, = 2: ,.J^M^) (1 .39, 

Where T it is ihe electron perpendicular temperature at the source, and all 
ions speries are taken to have Hie same temperature. 

Examination of equation I Ml (figure I.I) indicates that the collisions rate 
for ions drops rapidly iis tin* runs gain energy. Because of this rapid drop, a 
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thermal runaway condition ran be achieved [7, 8]. In this case the resonant 
species is accelerated sufficiently fast that the collisions rate drops before the 
energj' can he transferred to the non -resonant species. 

Because the collision rale increases with the plasma density, the require- 
ment that runaway ions can he created sets an upper limit on the plasma 
density. 

<~'icuii (1-40) 

This equal ion can he comhined with equation 1.37 to determine the maxi- 
mum plasma density. 

To obtain an expression lor I lie maximum density, some assumptions 
need to he made. In particular, it will lie assumed that there is one major 
non- resonant ion species that forms the majority of the ions. This gives the 
following conditions. 

»..r ^ at: (1.41) 
n r = li/,.,. ^ (>/•; (1.42) 
< (1.43) 

The ratio of ihe ion collision frequency io i he electron collision frequency can 
be obtained: 



(i .s x nr"^E ( i +^\ 



i.iixiir " f;Z - A " 



/'r(nr i( F 

/'rA„ 



(1.44) 

(1.45) 
(1.46) 



Examination of I his ratio indicates. I hat for slow collisions, only the ion 
collisions need in l>e considered. The collision frequency will be simplified by 
ignoring ihe density dependence in A,,. These equations can now be solved 
for a maximum density. 

< =; T syi vl\ (1-40 
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High Velocity Collisions 

After rumnyay has occurred, the collisions process is dominated by dose- 
range coll,s,„,,s. r l,e». processes include close range Coulomb collisions, 
charge excise colhs.ons. and many other processes. In general, these col- 
»s,ons are d.fhcnk ,o accurately calculate, and thus asymptotic formulas for 
he cohs.ons rates n-,1. «,, „s<.d[:|]. These formulas are only approximate 
thus thf results of tins calculation arc tn.lv approximate 

Fn ..his I'rjjfimi. j, i s i m p„,,, Mll ,„a. a.le<,,ua e time is'given to accelerate 
s^ed a"[o] S,,rn<,S , ' ollis ' i °" s - '""« requirement can be simply 

Using the "shnviusr-douu" collision ralc[:l] 
"// - | 7 x m-'-lif^L^VE 



+ ]T>.tJ >• in-*"»'ZjrZit*ii L Jir\ 



(when- , is so.no weired average «■ (in electron volts) for resonant ions 

in tin* iMinrhmrni region). 

Unlike the slow collisions. neither .Ik- ion-olectron or ion-ion collisions 
clearly domma.e over 1 he other, in ,his ,r S iou. Thus both tvpe. of collisions 
must be ret anted. Mv .nakins thr assumption that. U,<. r e "is one dominant 

non-resonant *,„.,•«*.( « „., r ^ „,.,. ,,,,„„ i4ll| , . CHU ^ si ,; fiet| and 

convened uilo a density limit. 

„ t . < . -VW^,,.,,,,, '/',,,,,.,,■/* 

Mr'/.; { 1.7 x 10- A„ /*,,,„, + «,.,, x w-*z* r A,,<, w + /tr )} < L30 > 

To linally solve the above equation, some f orm nas to b<? for the 

average, resonant ion energy c. lor simplicity, this energy will be taken to 
relation X ™ t '" t ' rKf ' !,,P ,vsona " t io "s- This gives the following 

' U, (LSD 
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The Factor // in tlic^ denominator is necessary to convert the kinetic energy 
into electron volts. Tins ran he 1 combined with equation 1.50 to obtain a 
final form for the density limit. 

Si/Vi^ { 1.7 x IO-"A, WM < nr + 9.0 x lO-'Z^U/w + /i r )} 
Charge exchange collisions 

Another collisions! proc ess that heroines dominate at very high energies is 
charge exchange. In this process, an accelerated (resonant) ion exchanges an 
electron with either a neutral particle or with a multiply charged atom. This 
is significant because such interactions destroy the resonance condition for 
the iott. In cither interact ion. the charge slate of the resonant ion is changed 
and the resultant part irlc is no lunger resonant. 

Charge exchange with neutral ions can he reduced to a. tion-significant 
level hy runt rolling the concentration of neutrals (see next section). Charge 
exchange between different changed stales of the resonant ions can be pre- 
vented l»y allowing only <i single change slate in the system. In most cases the 
base charge slate will be the used (Z r = Z ur = I). By preventing production 
of any other charged stales (sec lion ??) i bis process can be reduced to an 
insignificant level. 

Additionally. I lie charge exchange cross section is strongly dependent on 
the velocity of the ions. This allows additional control of the process by 
keeping tin* particle velocities to a moderate level. Target resonant ions in 
the (Id-PKP device will have a *JU .'tUeV energies, and thus are relatively 
slow lor charge exchange. Additional study of the charge exchange process 
will be required before* linal construction of a (Id-PEP device, however, given 
the low number of neutral and/or doubly ionized particles in the Gd-PEP 
device, charge exchange dot's not appear to present a problem. 

Neutral -Plasma Collisions 

Collisions betw<vn neutral particles and 1 lit* plasma present a much smaller 
problem. This is mostly because the uncharged neutral particles cannot 
interact wit h ions at long ran ye. Instead, these collisions are very short range, 
and thus have smaller cross sections. Kurt her. neut ral collisions can be easily 
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controlled l»y simply removing the neutrals. !n general, the assumption will 
be made that 

"» < "t (1.53) 
(where ,, n is ihe neutral density). This condition guarantees that plasma 
collisions dominate over neutral collisions. Combining the above equation 
with the ideal gas law, the maximum neutral pressure in the system can be 
obtained.' 

/><;*. II x lO" 17 ;^ ( L54 ) 

1.5 Collection Process 

The col I«m l ion pniress is I lit- linal stage ol I he device. Here, particles with 
"high perpendicular energy are collected as product and particles with "low" 
perpendicular energy an- reje< umI (collected as tailings). Onlv the simplest 
form i,r .ollerior is descried here. A iiiw advanced collector svstem is 
current ly Leing developed nl I CI.A (chanier 2). ir t his collector is successful, 
it will nllow for very high eniul.meuis l~ and verv high collector 

efficiencies 1 ). This ndxamed ...Heri,,. design, however, requires a B tvpe 
PEP device (sect ii.n 

The- simplesi collector design (lig..,,- l..">) consisis <>( a series or slats and 
plate parallel and pet pendn nlar lu i he i.ia«uel ic lield. "Shield-slats" are per- 
pendicular lo il.e lield. -produri plates" are parallel to the field, and finally, 
a •.lump plan" is pei pendindar i«, t.|„. lield. Particles enter the collector 
region Weiween i l.e sl.ield-slal s and are eil her collected on the product plates 
or the dump plaie. 

When non-resonant panicles enter il.e collection region, these particles 
have small gynmidii and I l.us eauiiol lie collected on the product plates. In- 
'Tl.r» sj.-ii* Ijiu- 

/»> = KT 

(whirr p is il„- ,.r.*Min\ \,„ is I v..hiin. ..■•...pinl | lV a mole of gas. /? = «.3l x 
10' crg/iiiiil/k is . I..- molar gas ci.iisi.iiii . an,| '/• is .Ik- k «s lemnernlurc (in Kelvin)). This 
expression is M .lv.nl u.r l',„. whirl, is il.r vol....... fuiu.aiiiii. K .V 4 = (j.02 x 10 33 par/mol 

particle. Silvias Tor i lie pn-ssnn- Irttm ili.< n.-.i.r.-.l density. 



/»= M.I I y iir 1 



ti. 
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Figure* 1.0: Simple collector design. Particle ihat. pass the shield-slats and enter the 
collector region are either collected on tho protlitrt or clump plates. Resonant particles, 
have {fxr^v gymnulW. and are cnlleried on the product plates. Non*resonant particles, have 
small gyroradit. and pass t hrougli tin* rnllectnr region and are collected on the dump plates. 
Some particles strike the shield*sluts and nre not selectively collected by the system* 
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stead, Llicw iwrticliK travel tliroueli the rollectinn « • 
on the dlH „p p,a Le . Resort .^icU,. I^?^^!"^ 

^ P^esstr^ 

efficiency. To r „„ m f 01I o U 1 t "a^ ^'T ^ ""^ 

Plates sh„„ M , lr pIiir< . tl at (|ist , mrp .I,; ' . « ™ serial, adjacent product 

the shid,l-s| fl ,s „,„s. I,, 2//|/ ., uidc Tl ^ ? , ' r^ 11 " 11 ions ' 
f <>r I- r, nwHcMiai'^IU.;,;;,, If ^ l ° 1,16 C ° 1,eCt0r effici «cy 

(1.55) 

1.6 Type A and Type B Devices 

' "• "" A ' 1 "«• '">■ mnjor .dv.nt.gM: 
''" Vi - ' l.h m . Uao|mte [6.l|] 

ll.nm S l,p„t ' I ■ •)• ."»b,. s ,t ra »icr to ge „„„. ,h e 

^.^r^^tM*"" 
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paramei er 


formula 


t Inscription 


n~ 




source* uiagiieiic neju 


Be 




enrichment magnetic field 






perpendicular source temperature 


T\\s 




parallel source temperature 


0 


'■/-r/'Xiir 


resonant to non-resonant gyroradius ratio 


1 




plasma to resonant ion radius radio 


C 


"r/»,.r 


resonant to non-resonant density radio 


fh. 




gyrwradius or resonant, ion at rollector 


ih 




mass iiiiiulit*r for resonant ions 


/«.., 




mass munlier lor non-resonant ions 


Zr 




charge state* lor resonant ions 


z nr 




charge state Tor non-resonant ions 


r 




required panicle throughput 



Table 1.1: This Oihli' suiniiianzrs tUo |iar;itiit*i rr* thai imi^t. hi* known to design a PEP 
device. 

3. The exist cure of the high liehl region on the end of the device allows a 
-more advanced roller) or to he* used (section I.")). 

I. Redueed cost for generation of magnetic field. 



1.7 Summary 

This section contains ii summary of the equations that govern the design of 
a PEP device 1 . The parameters that must l»c known to use these equations 
are defined in tahle 1.1. 
General quant it ies: 

n = (1.56) 
A// = //„ r - -^/tr (1-57) 
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Conditions required by the source region (sections 1.3 and 1.3.1): 

(1.59) 





> 


"s 


< 


As 


> 


X'UU 





0$ 



, ' Us 

Enrirliiiienl. region rlian«;es (section 1.1.2): 

1 - U 

n 

\ 



Miiss resolution «i i ■ « I sixe requirements (sections 1.-1.3 and 1.4.4): 



(1.60) 



<.JTIW-' 

4ylV J i»(.1/ p/<r )■/•■» 



(1.62) 

(1.63) 
(1.64) 



(1.66) 



'- - YTJi^xi, H.67) 

As > -'xnt-./f,.)' (K69) 
(.'ollisioiuil ronsiderttl.ious (serLion l.l.o); 

A,, = *,-„■( *?'<'"»'" 1 „„, 
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n s < "^W^g 

r.W f ./ii / r i (/i r + /i Mr )^ r 2: r A,- ; 1 } 

»5 < — — -rrTT ~ * (I 731 

{ 1.7 x 10— Ai, /M '..r + 5J.0 x lO-^Z^A,,^ + ,, r )} 

1.7.1 Numerical Forms 

The above equations ran l»e ronveited into n numerical form for quick cal- 
culations: 
Source: 



«s < !>.7l > in'/J* 

... r/'J /a 



K I. II") >. Ill" 



t if* 't'*l* 



Enrirluiiciil./lvlow: 



Resolution: 



.1,, = t .or, x ur" r "' /a 

„,, = .1.71 v lll'lllli 

\ 

./ic m. = I.VJ >: Ill'M* 

/'r 



r > 1 .01 x It)-' •tW* 
/.r lip. A/I 



1.74) 

1.75) 
1.76) 

1.77) 

1.7S) 
1.79) 

1.S0) 

LSI) 

1.82) 
1.83) 
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Collisional 



1.7.2 The Gd-PEP Device 

Considering a devi.r to cnricli M Cid ,vr (Yum mCM" 0 . the above formulas can 
be simplified hinlier. Sinre disrt iininal ion liri.wt.vn ,uGcl'* T and <nGd 156 will 
be more demandiii.n llirn <lis< riminai ion between «.,Gtl 157 and any other Gd 
isotope, this sini|.liliralioii ran lir made. In parlicnbir llir following numbers 
can br sperilied: 

= !■"»" (1.88) 
/'<•' = (1.89) 

'/r = 1 (1.90) 

z *' = 1 (1.91) 
I* = •"». I 'i >c H) J " piiiiit lrs/s (1.92) 

C = n.ir,7 1 „c,| , ' r ,MT, ; .C;d l5u (1.93) 

Additionally, ii will br assnmrd that the KC'HII plasma source produces an 
isolropir plasiiw. [!)]. Tims 7\> = 7 lh = 7 S . ami A/< = I. Combining these 
numbers wit h ihr above formulas. ;i set of formulas spet ifically for a Gd-PEP 
device ran be obtained. 
Genera I: 



" = (1-94) 
= V'J - o (1.95) 



9720620 A 
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Source: 



En r i ch m en t / F I o\v : 



Resolution: 



Collision;! 



29 



"s < 9.71 x I0'tf£ (1.96) 
, ^ 7.17 x 10'° 

Ac-mi = -'.SO k l0' s /?5 (1.98) 



7.17 x 10 10 

„/.; = «).7I X (1.100) 

\ 

/ll'llll = il.fiSW/.; (1.101) 



- > - V »7^: (i.io2) 

/. > x nr Xf (i.io3) 

i: > i.:w x \{)-"!hJIk (1 . 104) 

u > >-<\[-ii,.r (1.105) 



A,. ~ :m-l»(o.7S7 , fl * 1 (1.106) 

A,, - •>:< -hill.il!) / i> * 3/ . 2 ) (1.107) 

,,, < .-,.78 k m" ^ 0 '" 7 ^' (1 . 10 8) 

"< < «»•■•» — : :■■ — : — (1.109) 
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Chapter 2 
Advanced Collector 



A major improvement can | lt . u> ,,„. PRp smem by changin the 

collector I l.t. collector system described i„ seciiou 1.5 has the advantages 
or bpiuR both simple «,„| previously tested [I Ij. This collector, however, 
has several disadvantages. |„ particular, geometric considerations limit the 
collector eflicienry to — I I'Uumia considerations, limit the purity 

Of both the imitliirl an«l tailing produinl | >y I his system. 

Using global properties w f the plHMinn. it is possible to design a collec- 
tor system that should allow rss.Mil ially |()(|'/ reroverv of both product and 
tailing material. In effect, this system produces two outputs, a product col- 
lector lhat run.ains limtf product. , „ dump plate I lint contains only 

non-product nun crial. 

This new collector design is referred u,. ,„ this report, as the "advanced 
collector. A lull description of this collector syslctti requires complexities of 
plasma physics which are beyond the scope or this report. The basic idea 
however, ran lie explained fairly simply. 

To understand collector system, the concept of a magnetic mirror 
(first introduced in section |.|._>) miIs t l,e understood. This phenomenon 
occurs when plasma particles trawl from a low field region to a high field 
region. Here, hull, the panicle energy and the magnetic moment of the 
partic les are conserved. Conservation »,r magnetic moment requires that as 
a particle enters the high licld region it's perpendicular velocity increases. 
Continued with conservation or energy litis implies that the axial velocity 
of the particle decreases. IT the increase in the lield is siirhcienllv large the 
particle will .slop ami he rcllcctcd. 
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FiKum 2.1: I'nrtirfo* .oiilitinl liy n magnetic mirror. The* dnshrcl line shows the boundary 
between pnriirlcx <-nnlii»»tl nnd not ri.ulhiril l»y a limine lie mirror. The slope of the 
diagonal lino is {!!->/ It y - 1), jiimI Hu/li t i* rrrrrml to us the mirror ratio. The conical 
area of partirti* nut. rHIi'dctl (rom iln* mirror is n*ri*rrr<l to iw the loss-cone. 

The nxiul velocity of n purl -ielc entering n high firlfl region is given by (sec 
derivation of equation 1.20) 



r Hj = '% + r 

(where fi { is i !ic* h#\v magnetic held ami li : is the hit^li magnetic field). Ex- 
amination of this equation indicates that il" I he mirror ratio {Bi/B\) is fixed, 
particles wild sulliciently lii.^h r± (relative to rjj) will be reflected from the 
mirror, but particle** with low perpendicular velocity will pass through the 
mirror (figure 2.1). 

In the enrichment region of a VKP devire. the perpendicular velocity of 
the resonant ions is greatly increased, while the parallel velocity remains 
unchanged. Consider a TM\P device with magnetic mirrors on both sides 
of the device (ligure This necessitates a typo H device (section 1.6). 

By careful rhoire of the mirror ratio mi tlx- rojlertor side of the device, the 
resonant particl<*s which have a much higher perpendicular velocity can be 
reflected from the mirror. The non-resonant particles, however will travel 
directly ihrough the mirror onto the dump plate. 
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Fijturt. 2.2: Sl... w „ is ||„. :,.lv:,„ro,| ,-.,||.v.„ r svsi..„i The . 

masnriir ,„irr..rs ,>„ I..., I, „ r rMrir , "* . tm "grates by generating 

™"<>r I ., „ plflll . js , ' ' ««« i. located in onl 

collector mirror i, ulj„s.r,| Mlf , wr,,w ,,,,rror (collector mirror). Th 

mirror, hut tho nrJ^^J^^Z^n ™ " 0t rcHe "« d * 

one trnnsit ncr,^ Uh, ,„ vic J £ SSS m.,^, ? JSTT" 1 ""^ ^ 

are trappe.1 hi**.,.,, H,<- ih„ ...irrr.r. i n P p te ' Thc re »°n*nt particles 

the prolrt ' ,HMl <,,n,,S " r " ,i " ,, y Hiey are collected o" 
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The discrimination at the end mirror can he adjusted to be very good. 
This can be done? because- the average resonant particle has ff 1 times the 
energy or the average noii-resouani. particle. 

At this point, the majority of the non-resonant particles have left the 
device on the first transit across the device. The resonant particles, however, 
are reflected from the collector side and travel backward through the enrich- 
ment region. Here some particles will be decelerated, and some particles will 
be accelerated by the ICR II field, depending on the phase at which the par- 
ticles enter the field. In either case, particles reaching the source region will 
either he rellecred there, or absorbed back onto the cathode. 

In actuality, most resonant ions will he reflected at the source region 
mirror. This is Tor several reasons: 

1. Extremely lew particles will enter the enrichment region exactly 180° 
degree's out of phase* wit h the ICR II drive and lose sufficient energy to 
pass lluj<iy;h tin* source* return mirror. 

2. The* source* re»gioii 'mirror ratio can l»e* adjusted to he higher then the 
collector side mirror. This will grcal ly increase the number of reflected 
ions. 

3. Finally, tin* helical nature of the ICR If drive held will tend to prevent 
loss of all gained pcrpcuelicutar energy, during the backward transit of 
the enrichment region. 

The majority of t In* . re*souau1 ions become trapped between the source region 
mirror and tin* tolled or region mirror. The uon-rcsonaut ions, however, will 
simply pass through both mirrors and be* collected on the dump plate. 

The resonant ions are not i rapped hy the mirrors forever. Plasma ef- 
fects^] and the* ellee'tiw scattering from the enrichment region 1 will cause 
radial transport in the* resonant ions. Tliese ions can then be collected on a 
circular ring outside the radius of the main plasma. 

As was slated earlier, a complete* discussion of the proposed advanced 
collector system is beyond the* scope ut this report. The following sections 

l As a rrgnnsiui iou |uis.«j-s Imrk "nil forth I (trough ih<* riirirhiiHMiL region, it will en* 
counter I he IC'UII <lrtv<< liHil at rami* mi phasr. This will for in a srnuoring source that 
will can*** a railial ramltttu walk in ih«* uuiiliu;* rrnirr for I In* ton. 
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contain commits on some of 1 he important topics relating to this new col- 
lector and device configuration. A full investigation of the collector system 
using more advanced th.-oretical models, computer simulations, and experi- 
mental ex plural ion is required. 

2.1 Instabilities 

Magnetic minors wrr, Jirsi «U-v« lo,« cl as a possible fusion devices. Instabili- 
ties that scathed particles into the ,„„,,„. loss-cone eventually put an end 
to this line ol development. Loss-cone st altering is essentially velocity space 
scattcrm S ol particles. This «„s significant in the fusion program, because 
partick-s scattod into the loss-code were not confined by the magnetic mirrors 
and thus ucie no. confined by the device. These instabilities are driven by 
the hole ... the particle .lis! ribu. ion caused by removal of all particles in the 

lOSS-fOIK!. 

Loss-cone ■i.sw.l.iliri.-s shou >i Hun l hi* PRP device, for several rea- 
sons, l-.rst. the loss-ones are i.oi empty. I, ,M „,| |„.,. r m | „f particles. These 

parlirloM are. however, no. ,o ,,| will.i,, i|„. rlrvire. h,,t simply passing 

through. S,,o,kI. ,„ .|„..-H«,..,ril,«.<M.|»KP device, onlv the resonant parti- 
cles arc roulmed by mirror. These particles are such a small fraction of 
the total number of particles, that instabilities should not be a problem. 

2.2 Neutral Control 

The simple colled or was immune u, nc.iind panicles produced bv the source 
This ts because neutral pari H.-s essent \ n \\ y moVr xvjt| , | ilM .. or . sight motio ^ 
ami the product ph.tes are protected by the shield-slats (section 1.5). 

in I ho advanced colleclor system. I he product ring mav be in line-of-sight 
from 1 ho source. This problem ran be controlled by: 

1. Controlling the product ion or neutrals (section ??). 

2. Angling the product ring suc h l hat it presents a small solid angle to 
t lie soiirrt*. 

Phuiuir t|,<. ,,r„,|„ri rin« swU ili.il it is uul. in line-or-sight from the 



sourer. 
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2.3 Column Area and Collisions 

Because the advanced collector system relies on radial transport properties of 
the plasma, it will be less sensitive to several ejects. First, charge separation 
effects from ions outside the plasma column are minimized. This is because 
some of the plasma electrons are also ronfinecl by the mirror, and thus radially 
diffuse with the resonant ions (providing Tor neutralization). 

Collisions with plasma partic les can lie tolerated to a higher degree. This 
is because the mean time between rollisioiis docs not have to be the entire 
acceleration lime fur the resonant ion. but simply sufficient time to accelerate 
to the point where the ion is (rapped by the magnetic mirrors. 
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Many alterations and modifications may be made by those having ordinary skill 
the art without departing from the spirit and scope of the invention. Therefore, it must be 
understood that the illustrated embodiment has been set forth only for the purposes of 
example and that it should not be taken as limiting the invention as defined by the 
5 following claims. 

The words used in this specification to describe the invention and its various 
embodiments are to be understood not only in the sense of their commonly defined 
meanings, but to include by special definition in this specification structure, material or 
acts beyond the scope of the commonly defined meanings. Thus if an element can be 
10 understood in the context of this specification as including more than one meaning, then 
its use in a claim must be understood as being generic to all possible meanings supported 
by the specification and by the word itself. 

The definitions of the words or elements of the following claims are, therefore, 
defined in this specification to include not only the combination of elements which are 
1 5 literally set forth, but all equivalent structure, material or acts for performing substantially 
the same function in substantially the same way to obtain substantially the same result. 

Insubstantial changes from the claimed subject matter as viewed by a person with 
ordinary skill in the art, now known or later devised, are expressly contemplated as being 
equivalents within the scope of the claims. Therefore, obvious substitutions now or later 
20 known to one with ordinary skill in the art are defined to be within the scope of the 
defined elements. 



in 
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The claims are thus to be understood to include what is specifically illustrated and 
described above, what is conceptionally equivalent, what can be obviously substituted 
and also what essentially incorporates the essential idea of the invention. 
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We claim: 



1 1 . An improvement in a plasma apparatus for isotope enhancement, said 

2 plasma apparatus having an elongated chamber for holding a main plasma, means for 

3 generating a predetermined magnetic field in said chamber, a plasma source in said 

4 chamber, means for moving ionized isotopes from said plasma source along said 

5 elongated chamber at a resonance frequency of a desired one of said isotopes, and a 

6 collector for separating said isotopes based on their differential energies, said 

7 improvement comprising: 

8 a pair of magnetic rnirrors disposed at opposing ends of said elongated chamber, 

9 so that resonant ions are reflected between said two magnetic rnirrors, wherein at least 

10 one of said magnetic mirror has a higher field strength than said predetermined magnetic 

1 1 field in said chamber so that nonresonant ions pass through said least one magnetic 

1 2 mirror and resonant ions are reflected therefrom, said collector for said resonant ions 

1 3 comprising a circular ring outside of said main plasma in said elongated chamber. 



1 2. An improvement in a method of providing isotope enhancement in a 

2 plasma apparatus, said plasma apparatus having an elongated chamber for holding a mail 

3 plasma, means for generating a predetermined magnetic field in said chamber, a plasma 

4 source in said chamber, means for moving ionized isotopes from said plasma source 

5 along said elongated chamber at a resonance frequency of a desired one of said isotopes, 

6 and a collector for separating said isotopes based on their differential energies, said 

7 improvement comprising the steps of: 
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8 reflecting resonant ions between a pair of magnetic mirrors disposed at opposing 

9 ends of said elongated chamber, wherein at least one of said magnetic mirror has a higher 

1 0 field strength than said predetermined magnetic field in said chamber so that nonresonant 

1 1 ions pass through said least one magnetic mirror and resonant ions are reflected 

12 therefrom; and 

1 3 collecting said resonant ions on a circular ring outside of said main plasma in said 

14 elongated chamber. 



BNSDOCID: <WO 9720620A1_I_> 



WO 97/20620 



1/7 



PCT/US96/19468 



ECRH horn 



ECRH feed 

product collectors 
descriminators 





ICRH region 




\ 



^ ECRH region 
source plate 




ICRH antena 
vacuum wall - 



Fitfiuu 1.1: Schematic overview of a PEP device. 
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Fig. 1.3 
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Fig. 1.4 
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Fig. 1.5 
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